The functionality of solid materials is defined by the type and ordering of the constituent atoms. By introducing defects that perturb the ordered structure, new functionality is created within the solid material. Atomic defects in titanium dioxide, such as oxygen vacancies, atomic hydrogen, and interstitial Ti, typically create new functionality. However, the fundamental physical properties of atomic defects in TiO 2 are not fully understood and still remain controversial. In this account, the progress and issues for debate regarding the physical properties, electronic structure, and manipulation mechanisms of atomic defects in TiO 2 as well as their interaction with gold nanoclusters are described.
Introduction
The functionality of solid materials is determined by the type and ordering structure of their constituent atoms. The introduction of perturbations in the structure of a material often drastically changes the functionality of the material. For instance, atomic defects on the surface of titanium dioxide (TiO 2 ) result in changes in its functionality. TiO 2 is used widely for catalysis, photocatalysis, the conduction of electrons/holes/ions, as a sensing material in photoelectrolysis, and for inducing photoinduced superhydrophilicity. Furthermore, TiO 2 is also used as a pigment, a cosmetic, a food additive, a filler in pills, a scattering agent for ultraviolet (UV) light, and a sterilizer. It has been reported that atomic defects such as oxygen vacancies, atomic hydrogen (hydroxyl), and interstitial Ti have a marked effect on the functionality of TiO 2 . However, the mechanisms underlying the changes in this functionality are not yet fully understood. Thus, clarification of the fundamental physical properties of atomic defects is necessary to understand these mechanisms.
In this account, I will describe the current knowledge and issues of debate on the physical properties of atomic defects in TiO 2 . The electronic structure, the manipulation mechanisms of atomic defects, and the interaction with gold nanoclusters are selected as the topics in this account because they are fundamentally important and controversial topics. Investigations based on surface science techniques such as scanning tunneling microscopy (STM) and photoelectron spectroscopy (PES) performed in ultrahigh vacuum (UHV) are mainly discussed this account.
The increase in the number of studies related to atomic defects in TiO 2 is evidence of the interest in the subject. The black curve in Figure 1 indicates the number of publications N(TiO 2 and defect), including research articles, letters, and reviews, corresponding to the keywords "TiO 2 " and "defect". This number, which was calculated using a system provided by the Web of Science™ platform, [1] reflects the number of publications since 1959. As observed from the curve, the number of publications was not high up to 1990, and only five publications were published in 1990. Starting in 1991, the number of publications has increased gradually. In 2013, the number of publications was 73.4 times (367 publications) higher than that in 1990. To determine the effect of this increase with respect to the total number of publications in all journals, we calculated the following value:
N(TiO 2 and defect) N(total)
where N(total) is the total number of publications in all journals, as determined using our search system of the Web of Science™ platform. The blue curve in Figure 1 is a plot of the aforementioned value for different years. It can be seen that this value has also increased significantly since 1991. This clearly indicates that research interest in atomic defects on TiO 2 surfaces is increasing. The elucidation of the physical properties of TiO 2 using surface science techniques most likely also contributed to this increase in interest. Previous knowledge regarding the physical properties of atomic defects in TiO 2 has been summarized in multiple reviews (Table 1) . [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] This account describes the recent progress and issues of debate for elucidating the physical properties of the atomic defects in TiO 2 . Figure 2 shows the structures of the following atomic defects on the rutile [16, 17] The reaction produces two H a defects on the surface. [16] [17] [18] In reactions involving photocatalysis, photoelectrolysis, and photoinduced superhydrophilicity, all O bvac vacancies would be filled with water.
Structure of Atomic Defects in TiO 2
Furthermore, it has been recently reported that Ti int exists at the subsurface and plays an important role in functionality on the TiO 2 surface. Previously, Aono and Yagi et al.
suggested that Ti int exists in the bulk of rutile TiO 2 and affects electron conduction. [19, 20] Furthermore, Henderson suggested that Ti int is the key point defect in reduced TiO 2 . [21] In 2008, Wendt et al. reported that subsurface Ti int in rutile TiO 2 can interact with adsorbates on the surface. [22] Currently, it is generally believed that Ti int has an important role in the functionality on the TiO 2 surface as well as O bvac or H a . Oxygen vacancies and atomic hydrogen tend to exist on the surface rather than in the bulk of rutile TiO 2 (110) . STM images obtained under positive sample biasing conditions show that O bvac and H a exhibit similar protrusions towards the row of the bridging oxygen (O b ) atoms ( Figure 3 ). [16, 17, [47] [48] [49] [50] [51] In addition, frequency-modulated atomic force microscopy (FM-AFM) has shown that O bvac and H a occur as depressions in the O b row. [52, 53] The protrusions in the O b rows observed in STM images obtained under a positive sample bias were assigned to O bvac [54] because it is generally believed that O bvac exists on the surface. Later, it was found that residual water reacts readily with O bvac , [16, 17] and O bvac is filled by the products of water dissociation in many cases.
Furthermore, it was revealed that O bvac and H a in STM images under positive sample biasing conditions are similar. [16, 17] In some cases, the assignment of the protrusions in the O b rows in the STM images under positive sample bias is changed to H a . [55] It is now [16, 17, [47] [48] [49] [50] [51] The direct observation of Ti int by STM and FM-AFM is not possible because it exists at the subsurface. For STM imaging of Ti int , the adsorption of oxygen molecules on the surface allows Ti int to diffuse to the surface. Ti int reacts with the oxygen molecules, and this can be observed from the higher protrusions in the STM images ( Figure 4 ). [22] By using transmission electron microscopy (TEM), Shibata et al. [23] and
Tanaka et al. [45] directly observed Ti int .
Electronic Structures of Defects
The functionality of TiO 2 is affected by the introduction of defects. The electronic structures of the defects on TiO 2 surfaces have been investigated extensively.
TiO 2 has a band gap of 3.1 eV, and the introduction of atomic defects modifies the electronic structure in the band gap, forming band-gap states (BGSs). Although numerous studies have been performed on BGSs, their true nature is not yet fully understood. In particular, the spatial distribution and origin of the BGSs have been widely investigated recently; however, they are controversial. In this section, the controversy regarding the electronic structures of the BGSs induced by atomic defects is described. (110) . [56] X-ray photoelectron spectroscopy (XPS) has shown that Ti 3+ exists on the surface of TiO 2 , suggesting the localization of the excess charge at Ti sites. [57] On the basis of these results, it was proposed that a BGS is localized at Ti 6c under O bvac . Later, numerous studies were reported on the localization of defect states. A study based on angleresolved PES (ARPES) ( Figure 5 ) showed that the BGSs were not dispersed. [58] Furthermore, the results of theoretical calculations of the electronic structure of O bvac suggested that the BGSs were localized at the Ti sites. [59] [60] [61] However, several other reports have stated that the BGSs are delocalized in TiO 2 . [62] [63] [64] Henderson et al.
Spatial Distribution of Band-Gap States
discussed the effects of the delocalization of an extra electron around O bvac on oxygen dissociation. [65] By using STM and scanning tunneling spectroscopy (STS), we directly observed the spatial distribution of BGSs at the atomic scale. [47] Previously, STM observation of TiO 2 reported on positive sample bias conditions because TiO 2 becomes an n-type semiconductor, and the unoccupied states are close to the Fermi level after TiO 2 is cleaned by annealing and ion sputtering. Via the detection of a small density of the occupied states, we successfully observed occupied-state images of TiO 2 . Figure 6 shows the simultaneously obtained images of the unoccupied (V sample = +0.6 V) and occupied (V sample = -1.1 V) states at O bvac sites at 78 K. The STM images clearly show that the BGSs are not atomically localized; however, they are distributed around Ti 5c .
The STS spectra of Ti 5c also showed BGSs at approximately -0.9 V (Figure 7 ).
From these direct observations, we proposed that the BGSs are not atomically localized but distributed on several Ti 5c sites. Using resonant photoelectron diffraction analysis, Krüger et al. found that extra electrons are present in a wide distribution around the Ti 5c
ions, which surround the O bvac sites. [66] On the other hand, it has been suggested that BGSs are localized around O bvac by using STM current imaging tunneling spectroscopy (CITS)-based mapping at liquid helium temperatures. [67] Furthermore, studies based on the theoretical calculations of the electronic structure of O bvac have also reported that the BGSs are localized. [68] It has been proposed that a delocalized feature is observed when using STM due to the temperature during observation, because the polaron mobility is high at this temperature. [69, 70] On the other hand, the recent results of density functional theory (DFT) calculations performed by Cai et al. suggest that the defect states have a wide distribution in TiO 2 .
[71]
The situation for the investigation of the electronic structure induced by H a is similar to that of O bvac . A H atom on O b gives electrons to TiO 2 with local distortion.
The transferred electrons occupy the lowest energy states of TiO 2 that are mainly formed by the Ti 3d states of Ti 5c . [61] We have observed the spatial distribution of BGSs induced by H a by occupied state STM at 78 K and proposed that the BGSs are not atomically localized and distributed on the Ti 5c sites as well as O bvac ( Figure 8 ). [47] The weaker occupation of electrons at the Ti 3d states than at O bvac was also observed for H a . [47] On the other hand, Papageorgiou et al. suggested that the BGSs induced by H a are localized on the basis of CITS mapping data at liquid helium temperatures. [67] The spatial distribution of the BGSs induced by Ti int is still unclear. This is due to a lack of direct observation of the electronic structure induced by Ti int at the subsurface by microscopic techniques. DFT calculations showed that the spatial distribution of the BGSs induced by Ti int is widely distributed. [24, 46] Thus, as described above, the nature of the spatial distribution of the BGSs remains a topic of debate, and further investigations are necessary to end this controversy. It is generally accepted that the use of hybrid functionals or GGA+U in theoretical calculations produces BGSs that are spatially localized. [47, 61, 69, 70] In contrast, the use of non-hybrid functionals has shown that they are spatially delocalized. [47, 61, 63] However, the distribution of the defect states in the bulk or subsurface regions can be experimentally determined by direct observation using microscopy techniques. The development of experimental techniques that allow for the direct observation of the electronic structure of defects including those in the bulk and subsurface regions would be necessary for resolving the debate surrounding this issue.
Origin of the Band-Gap States
For a long time, it was believed that oxygen vacancies played an important role in the formation of BGSs. However, recent reports regarding the BGSs suggested that oxygen vacancies and other defects both contribute to the BGSs. [ 16, 17] Therefore, the origin of the BGSs had to be reconsidered. In 2006, Di Valentin et al.
showed that both O bvac and H a create BGSs by DFT calculations. [61] In 2008,Wendt et al. reported that Ti int has contributions to the BGSs on the basis of STM, PES, and DFT calculations. [22] DFT calculations of the electronic structure of Ti int performed by other groups also showed that Ti int creates BGSs. [24, 29, 46] These works suggested that the O bvac , H a , and Ti int defects have to be considered for the contribution to the BGSs. In fact, Wendt's conclusion was that Ti int is almost the only source of BGSs. [22] Figure   9 ). [72] Interestingly, it was concluded that a small portion of the BGSs is attributable to other defects such as Ti int by extrapolating the experimental results. Furthermore, Mitsuhara [73] and Walle [74] also showed that both O bvac and Ti int are related to the BGSs.
The O bvac sites contribute more to the formation of BGSs than Ti int . [73] Moreover, Mao et al. showed that H a has a major contribution to the BGSs as well as O bvac on the basis of PES and DFT results, and the contribution of Ti int is smaller than H a . [46] As described above, the origin of the BGSs is still not fully understood. The three types of defects, O bvac , H a , and Ti int , have contributions to the BGSs, [75] although the relative contribution is not the same. In order to accurately evaluate the contribution of each atomic defect to the BGSs, further conclusive studies are required. For example, the contribution of each defect could be determined by a comparison of the intensity of the BGSs with three TiO 2 samples each having the same density of one of the three defects. In addition, direct observation of the electronic structure induced by Ti int would be ideal to determine the contribution of Ti int to the BGSs; however, this has not been achieved yet because the observation of the electronic structure induced by Ti int at the subsurface is not possible by conventional microscopy techniques such as STM. The development of experimental techniques to directly observe the electronic structure in the subsurface or bulk would be required.
Manipulation of Defects
The physical properties of TiO 2 are strongly affected by atomic defects. The control of the densities and surface alignments of atomic defects would result in new functionality of TiO 2 . The introduction of defects was carried out by annealing in vacuum; this induced oxygen molecules to desorb from the surface and produce an oxygen vacancy. [56] Furthermore, Ar + sputtering was used to reduce TiO 2 . [56] In 1978,
Knotek and Feibelman reported the photo-and electron-stimulated desorption of oxygen ions via an interatomic Auger decay process.
[76] The Knotek-Feibelman (K-F) process is a typical process for inducing ionic desorption via photon and electron excitation.
Zhang et al. reported the effects of the spreading of defect electrons on the desorption of oxygen from a TiO 2 surface. [77] Recently, the control of the alignment of defects at the atomic scale (i.e., their manipulation) was achieved using STM. The methods for manipulating atoms/molecules using STM can be separated into two categories: electron-excitation processes and non-electron-excitation processes. In electronexcitation reactions, three excitation mechanisms have been proposed. Tunneling electrons excite electronic states related to chemical bonds (electronic-state excitation). [78] The electrons could also be excited into electronic states related to vibrational states, including translational, rotational, and conformational change states (vibrational-state excitation) to overcome reaction barriers by exciting reaction coordinate modes. [79] [80] [81] Furthermore, heating by electrons also caused reactions owing to electron excitation (manipulation by local heating). [82] In nonelectron-excitation reactions, direct interactions between the STM tip and the atoms/molecules due to the van der Waals/chemical forces (direct manipulation) [83] or an electric field to reduce the height of the reaction barrier (electric-field excitation) are exploited to manipulate atoms/molecules. [84] [85] [86] Even though the underlying mechanisms are not always known, these techniques can be used to control the alignment of atomic defects on TiO 2 surfaces.
The manipulation of defects on rutile TiO 2 (110) surfaces was first reported by Diebold et al. in 1998 . [87] They observed the disappearance of defects when scanning at V sample = +3.0 V and attributed this phenomenon to the movement of oxygen atoms between the tip and the O bvac sites on the surface. Later, Suzuki et al. clarified that this movement was due to the desorption of H a on the surface (Figure 10 ). [49] The mechanism of the desorption of H a was studied by Acharya et al., and they proposed that this reaction was induced by the vibrational excitation of the O-H stretching mode. [88] The manipulation of defects on rutile TiO 2 (110) surfaces using an STM tip to allow for the in-plane diffusion of O bvac has also been reported. For instance, Diebold et al. reported the diffusion of O bvac on a TiO 2 surface. [87] Cui et al. reported the diffusion of a single O bvac induced by excitation from an STM tip. [89] Using this method, they were able to form pairs of O bvac ; such pairs are rarely observed on surfaces prepared by cycles of Ar + sputtering and subsequent annealing. The diffusion of these pairs of O bvac has also been reported. [89] The excitation mechanism of this reaction is not known; however, the application of a high bias voltage is necessary for the reaction to take place.
This suggests that the electric field between the tip and the surface plays an important role in the reaction.
In addition, we reported that oxygen desorption (i.e., the creation of O bvac ) could occur by applying a negative sample bias from the STM tip ( Figure 11 ). [50] This reaction is only possible when the applied sample bias is negative. This result also suggests that 14 the ability to manipulate the defects on a TiO 2 surface is related to the electric field between the tip and the sample surface ( Figure 12 ). [50] TiO 2 is composed of titanium and oxygen (and adsorbed hydrogen) ions. The modification of the electronic structure of these ions by an applied electric field plays a key role in the excitation process that results in the manipulation reactions.
In contrast, the introduction of oxygen vacancies to the anatase TiO 2 (101) surface can be achieved by applying a positive sample bias, which induces the migration of oxygen vacancies from the subsurface region to the surface. [90] It has been suggested that the applied electric field has an effect on the migration of oxygen vacancies. The mechanism underlying the differences between rutile TiO 2 (110) and anatase TiO 2 (101) is still unclear.
Interaction of Defects with Gold Nanoclusters
TiO 2 has been widely used as a support for metal catalysts. One of the early uses of TiO 2 was to disperse expensive precious metals over a high surface area (small particle size). Later, it was found that the electronic interaction between TiO 2 and the metals influenced the catalytic behavior. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 91] In particular, the BGSs, which are located near the Fermi level, strongly interact with the metal; thus, they are considered to have an important role in the support-metal interaction. Recently, the effects of the BGSs on the catalytic activity have attracted much attention for the activation process of Au nanoclusters. Au is a chemically stable metal; however, Haruta et al. discovered that
Au nanoclusters (2-3 nm) supported on TiO 2 (or other supports) exhibited a significantly high activity for CO oxidation at room temperature. [92, 93] Among the numerous reports on the activation mechanism of Au nanoclusters, the interaction of the BGSs is believed to have an important role. [93, 94] In this section, the recent progress related to the roles of the BGSs for the activation of Au nanoclusters is described.
One of the most important issues of the interaction between BGSs and Au nanoclusters is the electron transfer to change the charge state of Au. Early studies on work function measurements of Au/TiO 2 showed that electrons are transferred from the supported Au nanoclusters to TiO 2 ; thus, the Au nanoclusters are positively charged on TiO 2 . [95] In contrast, DFT calculations for Au adsorbed at O bvac on TiO 2 showed electron transfer from TiO 2 to Au. [63] On the other hand, DFT calculations by Wahlstrom et al. showed that the electron transfer is not large between Au and TiO 2 with O bvac . [96] Therefore, the charge state of a Au nanocluster supported on TiO 2 has not been elucidated.
We performed PES on reduced TiO 2 with different Au coverages and found that there is a clear shift in the energy of the O 2p states ( Figure 13 ) and a decrease in the BGSs (Figure 14) . [97] The change in the spectra according to the amount of Au deposited is attributed to the electron transfer from TiO 2 to the Au nanoclusters. This clearly showed that the Au nanoclusters supported on reduced TiO 2 are negatively charged. Later, the negative charge of the Au nanoclusters on reduced TiO 2 was confirmed via vibrational spectroscopic study of CO molecules adsorbed onto Au/TiO 2 . [98, 99] The facilitation of CO oxidation on negatively charged Au nanoclusters was concluded by the DFT calculations of several groups. [100] [101] [102] [103] [104] In addition, Kelvin probe force microscopy (KPFM) observation of the charge state of the Au nanoclusters on reduced TiO 2 directly revealed that the Au nanoclusters are negatively charged ( Figure 15 ). [105] Therefore, the Au nanoclusters supported on reduced TiO 2 are negatively charged, which would be expected to have an important role in the activation mechanism for CO oxidation.
The effects of O bvac and H a on the charge states of Au nanoclusters supported on reduced TiO 2 have been widely studied. More recently, the effects of Ti int on the charge state of Au nanoclusters on reduced TiO 2 have also been investigated. A TEM study showed that Ti int is found at the interface between Au and TiO 2 with a high density, suggesting that the effects of Ti int on the charge states of the Au nanoclusters should be considered. [45] DFT calculations showed that Au adsorbed on TiO 2 with Ti int as well as Au on TiO 2 with O bvac and H a are negatively charged. [24] In contrast, Lira et al.
suggested that the electron transfer between the Au nanocluster and the reduced TiO 2 containing Ti int is not large on the basis of PES measurements. [106] Further experimental investigations are necessary to confirm the effects of Ti int on the charge state of supported Au nanoclusters.
It should be noted that the charge states of the supported Au nanoclusters on TiO 2 are significantly affected by the reduction state (amount of defects) of TiO 2 . PES and DFT studies showed that Au nanoclusters supported on oxidized TiO 2 have a positive charge. [107, 108] From work on powdered catalysts, positively charged Au (cationic Au) is thought to have a crucial role in the reaction mechanism of CO oxidation on Au nanoclusters supported on TiO 2 . [109] Positively charged Au would be produced by changing the reduction states of TiO 2 .
Outlook
In this account, the current knowledge and issues of debate concerning the electronic structure and manipulation mechanisms of the atomic defects in TiO 2 , as well as their interaction with Au nanoclusters, are described. Regarding the electronic structure, the spatial distribution and origin of the BGSs are still under debate. In particular, information regarding the true nature of Ti int is lacking. As described above, the direct observation of the electronic structure in the subsurface or bulk region would provide decisive conclusions. The manipulation mechanisms of the atomic defects of TiO 2 have not been well investigated. Elucidating the mechanisms of the underlying reactions would allow for alignment control to create new functionality for the metal oxides. Several investigations on the manipulation of adsorbed atoms or molecules have been reported. [110] [111] [112] Therefore, the manipulation mechanisms of atomic defects may be elucidated in the near future. Regarding the interaction of atomic defects with Au nanoclusters, I personally believe that it has been confirmed that Au supported on reduced TiO 2 is negatively charged. The role of the charge state of Au nanoclusters under catalytic conditions has been investigated; however, it remains controversial. [94] Thus, more investigation is required to determine the role of the charge state of Au nanoclusters in a catalytic reaction.
The atomic defects on rutile TiO 2 (110) are mainly discussed in this account;
however, the atomic defects on the other facets of rutile TiO 2 or anatase TiO 2 should be clarified in the future. Recently, the nature of such atomic defects has been reported. For example, BGSs have been observed on the (011)-(2×1) [113] and (100) [114] surfaces of rutile TiO 2 as well as the (110) surface, although the detailed electronic structures were not investigated. Furthermore, the BGSs of the (101) and (001) surfaces of anatase TiO 2 have been observed at approximately 1.0 eV. [115, 116] Interestingly, Moser et al. observed dispersive behavior of the defect states at 0.1 eV on anatase (001) that is different from rutile using ARPES, [117] suggesting that the behaviors of the BGSs on the anatase and rutile TiO 2 surfaces are different. The characteristic nature of the atomic defects on the other facets of rutile TiO 2 and anatase TiO 2 need to be investigated.
In addition to the defects that are currently known and investigated, such as oxygen vacancies, atomic hydrogen, and interstitial Ti, it is expected that new types of atomic defects will be discovered. A recent study reported the effects of defect alignment on the diffusion of alcohol and water. [118, 119] The techniques used in these instances should find application in molecular and electronic devices such as batteries and fuel cells as well. To apply the knowledge obtained from surface science works, the behavior of the atomic defects in ambient or liquid conditions will be important. The recent developments in experimental techniques and theoretical calculations elucidate new aspects of TiO 2 that 20 could not be observed under UHV conditions. [120] [121] [122] [123] [124] [125] [126] [127] Surface science studies in ambient
or liquid conditions will demonstrate the true nature of atomic defects for application conditions. species that appeared (O bvac ), respectively, with the feedback loop turned off. [50] Reproduced from reference [50] with permission. Copyright 2012 Cambridge University Press.
Fig. 12.
A schematic image of the reactions of the atomic defects on a rutile TiO 2 (110) surface with an STM tip. The gray, red, and white balls are Ti, O, and H atoms, respectively. [50] Reproduced from reference [50] with permission. Copyright 2012
Cambridge University Press. circles indicate Au clusters. [105] Copyright 2011 American Institute of Physics.
